Parkinson's disease (PD) is a movement disorder caused by the loss of dopaminergic innervation, particularly to the striatum. PD patients often exhibit sensory impairments, yet the underlying network mechanisms are unknown. Here we examined how dopamine (DA) depletion affects sensory processing in the mouse striatum. We used the optopatcher for online identification of direct and indirect pathway projection neurons (MSNs) during in vivo whole-cell recordings. In control mice, MSNs encoded the laterality of sensory inputs with larger and earlier responses to contralateral than ipsilateral whisker deflection. This laterality coding was lost in DAdepleted mice due to adaptive changes in the intrinsic and synaptic properties, mainly, of direct pathway MSNs. L-DOPA treatment restored laterality coding by increasing the separation between ipsilateral and contralateral responses. Our results show that DA depletion impairs bilateral tactile acuity in a pathway-dependent manner, thus providing unexpected insights into the network mechanisms underlying sensory deficits in PD.
Correspondence maya.ketzef@ki.se (M.K.), gilad.silberberg@ki.se (G.S.) In Brief Ketzef et al. show that striatal sensory responses are altered in Parkinsonian mice. Specifically, the encoding of bilateral tactile inputs is impaired following dopamine depletion and restored by L-DOPA administration.
INTRODUCTION
The pathophysiology of Parkinson's disease (PD) is associated with a progressive death of midbrain dopaminergic cells (Bernheimer et al., 1973; Dauer and Przedborski, 2003) . The loss of dopamine (DA) within the striatum underlies the motor deficits by altering various properties of the striatal microcircuitry (Fieblinger et al., 2014; Gittis et al., 2011; Malenka, 2007, 2008; Ló pez-Huerta et al., 2013; Mallet et al., 2006; Sanchez et al., 2011; Taverna et al., 2008; Thiele et al., 2014; Tseng et al., 2001 ) resulting in abnormal activation of direct-pathway and indirect-pathway striatal projection neurons (dMSNs and iMSNs, respectively) (Albin et al., 1989; Ló pez-Huerta et al., 2013; Mallet et al., 2006) .
Most studies on PD have primarily focused on the network mechanisms underlying motor symptoms such as rigidity, tremor, and bradykinesia (Raz et al., 2000) . However, PD patients also suffer from sensory impairments such as alterations of olfactory, tactile, nociceptive, thermal, and proprioceptive perception (Artieda et al., 1992; Boecker et al., 1999; Conte et al., 2013; Sathian et al., 1997) , including impairments in bilateral tactile discrimination (Sathian et al., 1997; Zia et al., 2003) . The cellular and network mechanisms underlying such sensory deficits are yet largely unknown.
The striatum receives convergent axonal projections from both sensory and motor cortical regions (Kincaid and Wilson, 1996; Reig and Silberberg, 2014; Wilson, 1987) , suggesting that the loss of DA does not only affect motor functions, but also sensory processing. Here we examine how tactile sensory integration is altered in a mouse model of PD. To achieve this, in vivo wholecell recordings were performed in the dorsal striatum and somatosensory cortex while bilateral whisker stimulation was delivered in 6-hydroxydopamine (6OHDA) DA-depleted mice. In order to selectively record sensory responses without interference from motor-related activity, experiments were performed in anesthetized mice. The optopatcher was used to identify MSNs of the direct and indirect pathways in real time during recordings using focal optogenetic stimulation through the patch pipette. Our results show that the laterality of sensory input in the striatum is encoded in a pathway-dependent manner and requires dopaminergic input. Thus, our study provides novel insights into the network mechanisms underlying the impairment of sensory processing in PD.
RESULTS

In Vivo Whole-Cell Recordings from Optogenetically Identified MSNs
To investigate whether sensory processing in MSNs is affected by DA depletion, we recorded from identified dMSNs and iMSNs in dorsolateral striatum, an area receiving sensory input from the whiskers (Brown et al., 1996; Reig and Silberberg, 2014; Sippy et al., 2015) . Such recordings in deep-brain structures pose a challenge for the identification of neurons, especially in neuronal populations with similar electrophysiological properties, such as the different classes of MSNs. Traditionally, single neurons are biocytin labeled during a recording session, recovered, and classified post hoc ( Figure S1 ; Reig and Silberberg, 2014; Sippy et al., 2015) . This approach has a relatively low yield due to the small number of unambiguously identifiable neurons per animal and the dependence on good intracellular filling and antibody staining. In order to overcome this limitation, we used the optopatcher, which enables online optogenetic identification of the dMSNs versus iMSNs during in vivo whole-cell recordings (Figure 1 ; Katz et al., 2013) . We crossed a Channelrhodopsin (ChR2) reporter mouse (Ai32) (Madisen et al., 2012) with either a D1-Cre or D2-Cre mouse line (Cui et al., 2013; Francis et al., 2015; Gong et al., 2007; Kravitz et al., 2010) to create D1-YFPChR2 or D2-YFP-ChR2 mice (Saunders et al., 2015) . The selective expression of YFP-ChR2 in dMSNs or iMSNs was verified by fluorescent labeling of striatonigral and striatopallidal projections, respectively ( Figure 1A) . To confirm the expression of ChR2 in distinct MSN populations, we first obtained simultaneous, multiple whole-cell recordings in striatal slices ex vivo and delivered pulses of blue light through the objective (STAR Methods; Figures 1B and S1) . MSNs expressing ChR2 responded to light pulses with immediate and strong depolarization, leading to action potential (AP) discharge, whereas neighboring ChR2-negative MSNs displayed inhibitory postsynaptic potentials (iPSPs) ( Figure 1B ).
Whole-cell in vivo recordings using the optopatcher enabled the optogenetic identification of recorded MSNs. MSNs expressing ChR2 responded to optogenetic activation with a depolarization of the membrane potential that often evoked AP discharge, whereas ChR2-negative neurons either showed no response ($90%) ( Figures 1C-1F and S1) or displayed iPSPspresumably arising from activation of neighboring ChR2-positive MSNs ( Figure 1D ).
DA Depletion Reduces Differences in Intrinsic Properties of MSNs
Whole-cell, in vivo recordings were obtained from control and DA-depleted mice. Unilateral injection of 6OHDA in the medial forebrain bundle (MFB) produced a nearly complete depletion of DA innervation in the injected side (Figures 2A and 2B ). This was verified by immunofluorescence staining ( Figure 2B ) or western blot for tyrosine hydroxylase (TH) (STAR Methods). Neurons were identified as MSNs by electrophysiological properties such as hyperpolarized resting membrane potential, low spontaneous discharge frequency, inward rectification, and morphological properties, such as spiny dendrites ( Figure S2 ). Classification into dMSNs and iMSNs was based on response to optogenetic stimulation ( Figure 1 ). All recorded neurons in control and DA-depleted mice displayed slow membrane-potential oscillations characteristic of ketamine anesthesia (Figures 2, S2, and S3). The oscillation frequency was decreased in DAdepleted mice (control: dMSN, 1.13 ± 0.04 Hz; iMSN, 1.06 ± 0.06 Hz; DA-depleted: dMSN, 0.85 ± 0.05 Hz, iMSN, 0.83 ± 0.05 Hz, p < 0.028) and was associated with a prolongation of the down states in both MSN subtypes ( Figure S3 ). DA depletion primarily affected the properties of dMSNs, but not of iMSNs, resulting in increased similarity between the two MSN populations. The resting membrane potential of dMSNs was more depolarized (control, À72.3 ± 0.7 mV; DA-depleted, À68.7 ± 1.9 mV, p = 0.0314) ( Figure 2D ) and input resistance was increased (control, 93.7 ± 5.5 MOhm; DA-depleted, 152.0 ± 13.3 MOhm, p < 0.001) ( Figure 2E ), whereas none of these properties were changed in iMSNs (p > 0.15). Moreover, the initial differences between dMSNs and iMSNs in input resistance ( Figure 2E , p = 0.05) and spontaneous discharge rate ( Figure 2F , p = 0.05) were abolished following DA depletion (p > 0.59). Our results, therefore, show that differences between dMSNs and iMSNs in control animals are decreased following DA depletion, mostly by changes in dMSNs. (left) and 6OHDA-lesioned (right) mice, stained for TH expression. Over 80% reduction in fluorescence was found between DA-depleted and control hemispheres (p < 0.0001, n = 3). (C) Examples of spontaneous, whole-cell voltage recordings from dMSNs in control (upper trace) and DA-depleted (lower trace) striatum. Analysis of the spontaneous slow oscillations is presented in Figure S3 . (D) Membrane potential of dMSNs in the down state of DA-depleted mice is more depolarized than it is in control mice (p = 0.0314; dMSN control n = 26, DA-depleted n = 15). No such difference is found in iMSNs (p = 0.590; control n = 16, DAdepleted n = 12). (E) Input resistance of dMSNs in control mice was lower than that of control iMSNs (p = 0.05) and dMSNs in DA-depleted mice (p < 0.001). (F) Spontaneous AP discharge frequency of iMSNs is higher than dMSNs in control animals (p = 0.05, dMSN n = 16, iMSN n = 11). This difference is absent in DA-depleted animals (p = 0.879, dMSN n = 6, iMSN n = 8). For all panels, data are presented as mean ± SEM. Control iMSNs are in red, control dMSNs are in green, DA-depleted dMSNs are in light green, and DA-depleted iMSNs are in light red. *p < 0.05, ***p < 0.001.
DA Depletion Reduces Differences between Responses to Ipsilateral and Contralateral Whisker Stimulation in Striatal Neurons
We next examined how the processing of tactile sensory input in dMSNs and iMSNs is altered following DA depletion. To this end, striatal neurons were whole-cell recorded in vivo while brief air puffs were delivered to the ipsilateral or contralateral whisker pads ( Figure 3A ; STAR Methods). Recordings were performed under anesthesia in which the mouse did not perform continuous whisking movements. This enabled us to record sensory input isolated from the motor components, as both impinge on the dorsal striatum.
All neurons recorded in dorsolateral striatum responded to both ipsilateral and contralateral stimuli ( Figures 3A, 3C , and Table S1 ). In control mice, dMSNs and iMSNs responded differently to whisker stimulation (Figure 3 ; Table S1), with the dMSNs displaying large differences between ipsilateral and contralateral responses ( Figures 3B, D, S4 ). In contrast, in DA-depleted mice, these differences between ipsilateral and contralateral responses were absent. There were no apparent differences between responses to ipsilateral and contralateral stimulation in terms of amplitude, slope, and peak delay (Figures 3 and S4 ). This indicates that the laterality encoding of sensory input was severely compromised by DA depletion. Since excitatory synaptic transmission onto both MSN types is mediated by AMPA and NMDA currents (Cepeda et al., 1993; Kreitzer and Malenka, 2007) , we sought to verify that the observed sensory alterations are not a result of ketamine anesthesia acting as a blocker of NMDA receptors. We therefore repeated the above experiments under pentobarbital anesthesia (see STAR Methods), which acts as a GABA A agonist. Under pentobarbital anesthesia, slow oscillations were not observed, and the occurrence of UP states was rare in either striatal or cortical recordings. No significant differences were found in the membrane properties (membrane potential and input resistance) between dMSNs and iMSNs in either control or DA-depleted mice. Whisker responses were observed in both dMSNs and iMSNs, with larger and earlier responses to contralateral than to ipsilateral whisker deflections in control animals ( Figure S5 ). In DA-depleted mice, these differences were abolished, resulting in similar amplitudes and latencies of responses to bilateral whisker deflections ( Figure S5 ), as was the case under ketamine anesthesia (Figure 3 ). These results show that DA depletion alters striatal sensory responses in a pathway-dependent manner, resulting in diminished lateral encoding of tactile stimuli by MSNs.
Cortical Pyramidal Cells in Somatosensory Cortex
Maintain Bilateral Response Separation following DA Depletion A possible source for the observed alteration of sensory discrimination could be the primary somatosensory cortex (S1), which provides the main input underlying the striatal whisker responses (Reig and Silberberg, 2016) . To test whether the laterality encoding was already reduced in upstream cortical cells, we obtained whole-cell, in vivo recordings from layer 5 pyramidal cells in the barrel field of S1 ( Figure 4A ). As seen in striatal recordings (Figure S3 ) the frequency of slow oscillations in pyramidal cells was lower in DA-depleted mice (control, 1.35 ± 0.08 Hz; DAdepleted, 1.01 ± 0.06 Hz) ( Figure 4B ), in agreement with previous studies showing that striatal slow oscillations are cortically driven (Stern et al., 1997) . Pyramidal cells in S1 responded to both ipsilateral and contralateral whisker stimulation. In control mice, pyramidal cells displayed earlier and stronger responses to contralateral than ipsilateral stimulation (Figures 4C and 4D ; Table S2 ). Unlike in MSNs, these differences between the contralateral and ipsilateral responses persisted after DA Control iMSNs are in red, control dMSNs are in green, DA-depleted dMSNs are in light green, and DA-depleted iMSNs are in light red. *p < 0.05, **p < 0.01, ***p < 0.001. depletion ( Figures 4C and 4D ). These data indicate that the loss of MSN sensory discrimination following DA depletion is not caused by upstream alterations of neuronal processing within the somatosensory cortical network.
Differential Effects of Acute and Chronic DA Deprivation on Intrinsic and Synaptic MSN Properties
In order to study the mechanisms underlying the changes in striatal tactile responses observed in vivo, we obtained simultaneous, whole-cell, ex vivo recordings from pairs and triplets of identified dMSNs and iMSNs in striatal slices ( Figure 5A ). In agreement with in vivo recordings as well as previous studies (Fieblinger et al., 2014; Gertler et al., 2008; Maurice et al., 2015; Planert et al., 2013) , iMSNs had higher input resistance (dMSNs, 52.8 ± 4.6 MOhm; iMSNs, 61.7 ± 3.7 MOhm) (Figures 5B and 5C) and were more excitable (threshold currents: dMSNs, 464.5 ± 29.6 pA; iMSNs, 326.2 ± 17.2 pA) (Figures 5B and 5C) than dMSNs in control animals. Following DA depletion, dMSN showed an increased input resistance (dMSNs, 81.6 ± 7.9 MOhm; iMSNs, 69.8 ± 9.2 MOhm) (Figures 5B and 5C) and higher excitability (threshold current: dMSNs 315.9 ± 25.4, iMSNs 366.1 ± 30.7 pA) ( Figures 5B and 5C ), which rendered them more similar to iMSNs (Fieblinger et al., 2014) . In contrast, bath application of DA receptor antagonists (Eticlopride hydrochloride and SCH-23390, both 10 mM) did not abolish the differences between dMSNs and iMSNs in input resistance and excitability ( Figure S6 ), suggesting that the observed differences between control and DA-depleted mice are caused by compensatory processes following the lesion rather than by acute suppression of DA transmission.
We then recorded corticostriatal inputs to MSNs by optogenetically activating excitatory synaptic terminals originating from the ipsilateral S1, while simultaneously recording from identified dMSNs and iMSNs ( Figure 5D ; STAR Methods). Response amplitudes to brief light pulses were not significantly different between dMSNs and iMSNs in control animals (dMSN, 6.5 ± 1.2 mV; iMSN, 5.0 ± 0.8 mV), in DA-depleted animals (dMSN, 4.7 ± 0.7 mV; iMSN, 7.1 ± 1.1 mV), or during bath application of DA blockers (dMSN, 5.6 ± 0.8 mV; iMSN, 7.3 ± 1.6 mV) (Figure 5E) . We then performed voltage-clamp recordings to extract the AMPA:NMDA ratio, measured as the ratio between the peak AMPA current recorded at À70 mV and the average NMDA current, measured 50-60 ms following the light stimulation, at +40 mV ( Figure 5F ). In line with other intrinsic and sensory properties, DA depletion appeared to reduce differences between dMSNs and iMSNs, mainly by changes in dMSNs. The AMPA:NMDA ratio was different between dMSNs (5.60 ± 0.57, n = 15) and iMSNs (4.03 ± 0.43, n = 17) in control animals (p = 0.033). AMPA:NMDA ratios in DA-depleted mice were different from control mice in dMSNs (4.19 ± 0.65 n = 17, p = 0.041), but not iMSNs (4.15 ± 0.50, n = 15, p = 0.856), and no difference was found between dMSNs and iMSNs of DA-depleted animals (p = 0.762). In order to test the involvement of contralateral projections from S1, we recorded from MSNs in slices from the contralateral striatal hemisphere following viral expression of ChR2 in S1 pyramidal cells. As reported previously (Alloway et al., 2006; Reig and Silberberg, 2016) , the axonal projections from S1 to the contralateral dorsal striatum were sparse and in most cases nonexistent, despite clear labeling in contralateral S1 ( Figure S6 ). As expected from the lack of fluorescence of labeled axons, MSNs in the contralateral striatal hemisphere did not respond to photostimulation ( Figure S6 ), suggesting that contralateral projections from cortical S1 do not underlie the observed changes following DA depletion.
Synaptic changes may occur in the dynamic properties (shortterm plasticity) of corticostriatal synapses. In order to quantify the synaptic dynamics of corticostriatal synapses from S1, we stimulated neurons with trains of light pulses (eight pulses of 2 ms delivered at 20 Hz). No difference was found in the depression rate of inputs onto dMSNs and iMSNs in control animals (p = 0.946). In DA-depleted animals, the degree of shortterm depression of excitatory input was reduced compared to control animals (Figures 5G and 5I) (p = 0.003 and p = 0.008 for dMSNs and iMSNs respectively). In contrast, bath application of dopamine receptor blockers increased synaptic depression in response to optogenetic stimulation in slices from control mice (Figures 5H and 5I) (p < 0.001, for both dMSNs and iMSNs, between chronic and acute DA depletion). These data show that the lack of dopamine by itself cannot account for the changes in synaptic transmission observed in DA-depleted mice. Instead, the opposing effects of chronic and acute DA removal point toward compensatory processes underlying presynaptic changes following DA depletion.
L-DOPA Restores Intrinsic Properties and Sensory Responses in dMSNs
The most common treatment for PD patients is based on the administration of L-3,4-dihydroxyphenylalanine (L-DOPA), which is used to increase DA concentrations, thus compensating for its loss due to dopaminergic cell death (Hornykiewicz, 2010) . In order to assess whether L-DOPA administration could restore the intrinsic and sensory response properties under our experimental conditions, we repeated the in vivo experiments in DAdepleted mice treated with L-DOPA. L-DOPA was systemically administered to DA-depleted mice for 4 consecutive days prior to the in vivo recording session ( Figure 6A ). L-DOPA application selectively restored the alterations in the resting membrane potential and input resistance in dMSNs to control values (p > 0.221) ( Figure S7 ) without affecting those of iMSNs (p > 0.398, respectively) ( Figure S7 ). The frequency of slow oscillations in L-DOPA-treated mice also returned to control values (p < 0.001) ( Figure S7B ), further suggesting that L-DOPA administration restored some of the intrinsic and network properties to control values.
Administration of L-DOPA rescued the laterality encoding of sensory responses in dMSNs ( Figures 6B and 6C ). Responses to contralateral stimulation increased in amplitude (16.5 ± 1.8 mV) and peaked earlier (53.0 ± 4.9 ms), resulting in acceleration of the rising slope (0.8 ± 0.2 mV/ms). These properties were similar to control values and significantly different than responses in DA-depleted mice (Figures 6B and 6D) (p < 0.022 for three-group comparison). In contrast, responses of dMSNs to ipsilateral stimulation (amplitude, 12.5 ± 1.5 mV; peak delay, 75.3 ± 6.0 ms; slope, 0.4 ± 0.1 mV/ms) were not different in any of these parameters ( Figures 6B and 6D ) (p > 0.1 for all cases). In order to test whether these changes were an immediate result of L-DOPA application or whether they depended on repetitive administration, we performed a subset of experiments in which L-DOPA was administered only once: on the day of the in vivo recordings. A single L-DOPA administration was sufficient to restore bilateral encoding in dMSNs, but not iMSNs (Figure S6) , both in response amplitude (dMSN contralateral amplitude, 15.59 ± 2.46 mV; ipsilateral, 11.54 ± 1.63 mV; n = 10, p = 0.027) and latency (dMSN contralateral peak delay, 79.92 ± 3.77 ms; ipsilateral, 105.12 ± 4.58 ms, p < 0.001). This suggests that the effect of L-DOPA was direct and that it acted primarily on dMSNs. Intrinsic and sensory properties of dMSNs are, therefore, largely restored following L-DOPA administration. L-DOPA administration also resulted in the overall enhancement of responses in iMSNs, yet did not result in restoration of bilateral encoding ( Figures 6C and 6D ). Taken together, our results show that L-DOPA treatment reverses several of the intrinsic and sensory properties altered by DA depletion, including the lateral encoding of tactile stimuli in dMSNs.
DISCUSSION
The aim of this study was to explore a largely neglected aspect of Parkinson's disease: namely, the changes in sensory processing resulting from DA depletion. Unlike the large body of research pertaining to the motor symptoms in PD, little is known about the network mechanisms underlying sensory impairments. Our (I) Summary of corticostriatal synaptic dynamics onto dMSNs (left) and iMSNs (right) under control (n = 26, solid circles), DA-depleted (n = 18, solid light color), and DA receptor blockage (n = 6, empty circles) conditions. For both MSN types, synaptic depression was significantly decreased by DA depletion compared to control and DA receptor block (p < 0.01 and p < 0.001, respectively). Data are presented as mean ± SEM. Control iMSN is in red, control dMSN is in green, DA-depleted dMSN is in light green, and DA-depleted iMSN is in light red. *p < 0.05, **p < 0.01, ***p < 0.001. data show that DA depletion alters intrinsic properties, spontaneous activity, and sensory responses of MSNs in a type-dependent manner. The encoding of the laterality of sensory input was impaired following DA depletion, rendering responses to ipsilateral and contralateral whisker stimulation indistinguishable. Importantly, these impairments were not caused by changes in upstream pyramidal cells in the somatosensory cortex. Corticostriatal synapses exhibited opposite changes following DA depletion as compared to acute DA receptor blocking, suggesting that some of the effects observed in vivo were compensatory changes induced by the 6OHDA lesion. Administration of L-DOPA restored several intrinsic and network properties, including the bilateral discrimination of sensory inputs in the striatum.
Complementary Function of dMSNs and iMSNs in Sensory Processing
Direct-and indirect-pathway MSNs are often simultaneously active during certain motor-and reward-related tasks, yet their activity profiles are not identical (Cui et al., 2013; Oldenburg and Sabatini, 2015; Yttri and Dudman, 2016) . Similarly, MSNs of both types respond to the same sensory stimuli, yet not in an identical manner (Reig and Silberberg, 2014; Sippy et al., 2015) , and exhibit other differences in their afferent inputs from cortex and thalamus (Ding et al., 2008; Kress et al., 2013; Parker et al., 2016; Wall et al., 2013) . We showed that both MSN types responded to bilateral tactile stimuli and that these responses persisted after DA depletion. The primary effect of DA depletion was an impairment of the bilateral asymmetry, mainly but not only in dMSNs, which may underlie bilateral sensory discrimination. Indeed, impairments in tactile discrimination reported in PD patients (Artieda et al., 1992; Sathian et al., 1997) included deficits in bilateral discrimination (Zia et al., 2003) . Our results suggest that even though both MSN pathways are engaged in sensory processes, they may have specialized roles in encoding specific features of the sensory stimuli. A similar scheme was proposed for the initiation and execution of motor sequences wherein both dMSNs and iMSNs were coactive and necessary for proper motor function, but had specialized roles at different stages of motor sequences (Tecuapetla et al., 2016) .
Loss of Bilateral Sensory Encoding following DA Depletion
In DA-depleted mice, the differences between contralateral and ipsilateral sensory responses were diminished both in terms of amplitude and peak latency (Figures 3, S4, and S5 ). This change in lateral encoding was more pronounced in dMSNs, in which the asymmetry was larger under control conditions. The bilateral response asymmetry was abolished due to the attenuation of contralateral whisker responses, making them indistinguishable from ipsilateral responses (Figure 3) . Cortical pyramidal cells in S1 showed no change in bilateral response asymmetry following DA depletion (Figure 4) , suggesting that the observed loss of lateral encoding in MSN was not due to upstream changes in the lateral encoding by the cortical cells themselves. We also showed that projections from contralateral S1 are extremely sparse and in most cases not observed at all. Moreover, striatal neurons did not respond to optogenetic stimulation of contralateral pyramidal cell axons from S1 ( Figure S6 ), strongly suggesting that this pathway is not mediating the striatal whisker responses. Selective attenuation of contralateral responses might, however, be caused by changes in a subset of excitatory synapses from ipsilateral cortex and thalamus. Indeed, DA depletion was reported to cause attenuation of dMSN responses to ipsilateral stimulation of motor cortex (Escande et al., 2016; Mallet et al., 2006) as well as ipsilateral thalamic inputs (Parker et al., 2016) . The intrinsic properties of dMSNs changed following DA depletion, with depolarized membrane potential and increased input resistance (Figure 2 ). Such changes would predict an increase in synaptic response amplitudes rather than the observed decrease, therefore suggesting that the attenuation is caused by changes in the strength of synaptic input to dMSNs following DA depletion. Thalamostriatal synapses from the parafascicular nucleus have been shown to undergo changes following 6OHDA lesions (Parker et al., 2016) , in which situation synaptic strength onto dMSNs is reduced compared to that onto iMSNs. It is, however, not clear to what degree this thalamostriatal pathway mediates the striatal responses to whisker deflection. Thalamic input to the dorsolateral striatum is not mediated by projections from the ventro posteriomedial nucleus that projects to cortical S1, but rather by the medial posterior nucleus, which encodes for whisking and repetitive whisker stimulation (Smith et al., 2012) . In a recent study it was shown that corticostriatal synapses from sensory cortex were essential for mediating bilateral whisker responses (Reig and Silberberg, 2016) , suggesting only a minor role for thalamostriatal synapses in mediating striatal whisker responses. In this study we did not differentiate between the contribution of corticostriatal and thalamostriatal synapses in mediating whisker responses, and it may be that plastic changes in either pathway could underlie the changes following DA depletion, including those via heterosynaptic interactions (Calhoon and O'Donnell, 2013) .
Differences between dMSNs and iMSNs Are Reduced following DA Depletion
MSNs of the direct and indirect pathways have largely similar electrical properties; however, differences in their membrane resistance and excitability have been reported (Escande et al., 2016; Gertler et al., 2008; Planert et al., 2013; Reig and Silberberg, 2014) . Dopamine depletion reduced these differences between dMSNs and iMSNs mainly by inducing changes in dMSNs, as seen in both in vivo and ex vivo recordings (Figures  2 and 5) . These results are in agreement with previous studies showing altered MSNs excitability in DA-depleted animals (Tseng et al., 2001) , which has been suggested as a compensatory mechanism (Fieblinger et al., 2014; Maurice et al., 2015) . Spontaneous discharge frequency in control mice was higher in iMSNs than dMSNs, as shown previously (Kravitz et al., 2010; Mallet et al., 2006; Reig and Silberberg, 2014) , and iMSNs were more excitable than dMSNs in slice recordings (Gertler et al., 2008; Maurice et al., 2015; Planert et al., 2013; Taverna et al., 2008) . We did not observe a significant increase in the discharge frequency of either MSN subpopulation recorded in DA-depleted mice (Figure 2) . Moreover, the initial difference in firing rate between iMSNs and dMSNs was reduced following DA depletion (Figure 2F ), as also shown ex vivo by us ( Figure 5) and others (Maurice et al., 2015) . An increase in MSN firing rate was previously reported in DA-depleted rats and attributed to the iMSN population (Mallet et al., 2006; Tseng et al., 2001 ). This discrepancy could be attributed to differences in the animal model but also to the recording method (whole-cell versus sharp intracellular recordings), the time of recordings after DA depletion, and the type of anesthetic (ketamine versus urethane). The increased similarity between dMSN and iMSN intrinsic properties following DA depletion was mirrored also in their sensory responses (Figure 3) . Our results suggest that DA depletion reduces differences between the two pathways both in their intrinsic and functional properties, thus affecting their specialized roles in sensorimotor function.
Compensatory Changes following DA Depletion and Correction by L-DOPA Our findings indicate that the changes in MSN synaptic properties were due to compensatory mechanisms following DA depletion, whereas acute blockage caused opposite effects ( Figure 5 ). The 6OHDA-induced DA depletion model is a common animal model for Parkinson's disease; however, unlike in PD, the depletion of DA in the striatum is not gradual but abrupt (Breese and Traylor, 1970; Jeon et al., 1995; Sauer and Oertel, 1994; Zhang et al., 2014) . Multiple parallel processes are triggered by the lesion and take place for weeks after DA depletion, some of which are regarded as homeostatic processes that compensate for the loss of dopamine, such as remodeling of synaptic connectivity (Calabresi et al., 2007; Gittis et al., 2011; Kreitzer and Malenka, 2008; Shen et al., 2008) . It is, therefore, difficult to assess which of the changes observed under our experimental conditions are present at earlier or later time points following the 6OHDA lesion. One possible way to address this issue is to use alternative animal models for PD in which the progression of dopaminergic cell death is slower, mimicking the temporal aspects of PD (Dawson et al., 2010) . Administration of L-DOPA restored intrinsic properties as well as the lateral asymmetry of sensory responses in dMSNs (Figure 6 ). The effect was apparent even after a single dose of L-DOPA administered on the day of electrophysiological recordings ( Figure S7 ). Interestingly, L-DOPA also enhanced sensory responses in iMSNs (Figure 6 ), indicating that, while L-DOPA has an overall corrective effect, it does not simply restore the respective properties of the direct and indirect pathways to control values.
In conclusion, our findings show that DA depletion induces pathway-dependent changes in striatal sensory function. DA depletion reduced the differences between dMSNs and iMSNs and eliminated the lateral encoding between ipsilateral and contralateral responses, both of which were restored following systemic administration of L-DOPA. Further studies are needed in order to elucidate how these changes in the sensory striatum affect sensorimotor functions in behaving animals.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All experiments were performed according to the guidelines of the Stockholm municipal committee for animal experiments under an ethical permit to G.S. (N12/15). Drd2-eGFP and Drd1a-eGFP (20-30 g) were generated by the GENSAT (Gene Expression Nervous System Atlas) program at the Rockefeller University (Gong et al., 2003) and were backcrossed on a C57BL/6 background for three generations. D1-Cre (EY262 line) or D2-Cre (ER44 line, GENSAT) mouse line were crossed with the Channelrhodopsin (ChR2)-YFP reporter mouse line (Ai32, the Jackson laboratory) to induce expression of ChR2 in either dMSNs or iMSNs. Similarly, D1-Cre or D2-Cre mice were crossed with a tdTomato reporter mouse (Ai9, the Jackson laboratory) to fluorescently label either dMSNs or iMSNs with tdTomato. Experiments were not blinded to genotype. Mice of both sexes were housed under a 12 hr light-dark cycle with food and water ad libitum. All experiments were carried out during the light phase.
METHOD DETAILS
6OHDA Lesioning
Mice (41 males and females 8-10 weeks of age) were anesthetized with isoflurane and mounted in a stereotaxic frame (David Kopf Instruments, Tujunga, California). Mice received one unilateral injection of 1 ml of 6OHDA-HCl (3.75 mg/ml dissolved in 0.02% ascorbic acid) into the MFB, according to the following coordinates (in mm) (Paxinos and Franklin, 2001 ): antero-posterior À1.2, mediolateral +1.2 and dorso-ventral À4.8. Sham-lesioned mice (n = 11) received the correspondent injection protocol with the same volume of vehicle (0.9% saline and 0.02% ascorbic acid). After surgery all mice were injected with Temgesic (0.1 mg/Kg, Reckitt Benckiser, Berkshire, England) and allowed to recover for at least 2 weeks. Unlesioned mice (n = 33) were also used, their data were pooled with the sham lesioned to form the ''control'' group after no differences were found between the groups. Only 6OHDA-injected mice that showed rotational behavior (Santini et al., 2007) were used in our experiments.
TH Quantification by Immunofluorescence
Mice were anaesthetised using pentobarbital (300mg/kg) and transcardially perfused with 4% (wt/vol) paraformaldehyde (PFA, Sigma-Aldrich, St Louis, MO, USA) in sodium phosphate buffer (0.1M PB, pH 7.5). Brains were removed and post-fixed over-night in the same fixative solution. Coronal sections (40 mm) were cut with a vibratome (Leica, Nussloch, Germany) and then stored in a solution containing 30% (vol/vol) ethylene glycol, 30% (vol/vol) glycerol and 0.1M PB at À20 C until being processed for immunofluorescence. Two representative free-floating sections from the striatum (Bregma 1.0 and 0.3 mm) (Paxinos and Franklin, 2001) were selected, rinsed in phosphate-buffered saline (PBS) and incubated in blocking solution (5% normal goat serum, 0.3% Triton X-100, 1% BSA in PBS) for 60 min. After washing in PBS, sections were incubated in anti-TH rabbit monoclonal antibody (Millipore, Billerica, MA) diluted 1:1000 in 1% BSA-PBS at 4 C over-night. The sections were rinsed in PBS and incubated 1h at room temperature in Cy3-conjugated goat anti-rabbit secondary antibody (Jackson Laboratory, Bar Harbor, ME) diluted 1:400 in 1% BSA-PBS. After processing, sections were examined with Zeiss Axio Imager M1 microscope (Carl Zeiss, Jena, Germany) and images of the dorsal striatum were captured at X20 magnification. TH staining intensity was measured on 2 sections per mouse in the lesion and unlesioned striatum using ImageJ software. Quantification of TH staining showed over 80% reduction in fluorescence compared to the unlesioned hemisphere (p = 0.0001 Student t test, n = 3).
TH Quantification by Western Blotting
A subset of mice was taken at the end of the electrophysiological recording for Tyrosine Hydroxylase-immunoreactivity determination by western blotting. Mice were sacrificed by decapitation; right (unlesioned) and left (lesioned) striatum were dissected out, sonicated in 750 ml 1% SDS and boiled for 10 min. Aliquots (5 ml) were used for protein quantification with the BCA assay kit (Pierce, Rockford, IL). Equal amounts of protein (5 mg) for each sample were loaded onto 10% polyacrylamide gels. Proteins were separated by SDS-PAGE and transferred overnight to polyvinylidene difluoride membranes (GE Healthcare, Little Chalfont, UK). The membranes were immunoblotted using a rabbit anti-TH antibody (1:3000, Millipore; Billerica, MA), and then incubated in horseradish peroxidase-conjugated secondary anti-rabbit antibody (1:20000, Dako, Glostrup, Denmark). The protein signal was visualized by ECL (Pierce, Rockford, IL) and quantified using Quantity One software (Bio-Rad). Western blot quantification of TH expression showed an averaged 98.5% difference between the lesioned and the unlesioned striatum (p = 0.0001, n = 3).
L-DOPA Administration
In 7 DA-depleted mice, L-DOPA (10 mg/kg) together with the peripheral DOPA decarboxylase inhibitor benserazide hydrochloride (7.5 mg/Kg), was administered intraperitoneally daily, starting 3 days prior to the recording session. An additional dose was injected prior to commencement of the recording session. In 4 DA-depleted mice only a single dose was administered, at the day of in vivo recordings.
In Vivo Recordings
Experiments were conducted as described previously (Reig and Silberberg, 2014) , briefly, 2-3 weeks post-lesioning, mice were anaesthetized by intraperitoneal (IP) injection of ketamine (75mg/kg) and medetomidine (1 mg/kg) diluted in 0.9% NaCl. To maintain mice under anesthesia, a third of the dose of Ketamine was injected intraperitonaelly approximately every 2 hr or in case the mouse showed response to pinching or changes in EcoG patterns. In a subset of animals, mice were anaesthetized by IP injection of Pentobarbital (20 mg/kg) and medetomidine (1 mg/kg) diluted in 0.9% NaCl. Mice were tracheotomized, placed in a stereotactic frame and received oxygen enriched air throughout the recording session. Core temperature was monitored with feedback-controlled heating pad (FHC) and was kept on 36.5 ± 0.5 C. The skull was exposed and 3 craniotomies were drilled (Osada success 40). Barrel field craniotomy coordinates: 1.5 mm posterior to bregma, 3.25 mm lateral to midsagittal suture. Bipolar tungsten electrodes with impedances of 1-2 MU were inserted 1 mm deep from the surface. Signals were amplified using a Differential AC Amplifier model 1700 (A-M Systems) and digitized at 20 KHz with CED and Spike2 parallel to whole-cell recording. Patch clamp recordings were performed in the dorsolateral striatum since the sensory and motor areas project topographically onto it (McGeorge and Faull, 1989) . For patchclamp recordings, the craniotomy was performed 3.5-4 mm lateral to bregma, and the dura was removed. Patch pipettes were pulled with a Flaming/Brown micropipette puller P-1000 (Sutter Instruments). Pipettes (7-10 MOhm, borosilicate, Hilgenberg), back-filled with intracellular solution, were inserted with a $1500 mbar positive pressure to a depth of about 2 mm from the surface, presumably crossing the cortex, after which the pressure was reduced to 30-35 mbar. From that point we were looking for changes in resistance in response to a negative 10 mV voltage step, while advancing the pipette in 1 mm steps in depth (35 degrees angle), in voltage clamp mode. When a cell was encountered, the pressure was removed to form a Gigaseal, followed by application of a ramp of increasing negative pressure till cell opening was evident. Recording was performed in current clamp mode. Whole-cell recordings were obtained from dorsolateral striatum between 2000-2385 mm deep from pia. Intracellular solution contained: 130 K-gluconate, 5 KCl, 10 HEPES, 4 Mg-ATP, 0.3 GTP, 10 Na 2 -phosphocreatine, and 0.2%-0.3% neurobiotin or biocytin (pH = 7.25, osmolarity$285 mOsm). The exposed brain was continuously covered by 0.9% NaCl to prevent drying. Signals were amplified using MultiClamp 700B amplifier (Molecular Devices) and digitized at 20 KHz with a CED acquisition board and Spike2 software (Cambridge Electronic Design). Input resistance was calculated as the slope of the voltage responses to current injection (À110 pA to +110 pA in steps of 20 pA for 5 s each). For each current injection, values for up and down states were extracted separately. In order to define a cell as ''spiking'' or ''non-spiking'' we inspected the cells for 100-150 s, in which the cell was not injected by any current and the whiskers were not stimulated by air puffs. If the cell did not fire during that time, it was considered a ''non-spiking'' cell. If longer windows were used, we set a threshold of 0.02 Hz (i.e., the cell fires once in 50 s) above which a cell was considered as spiking. Recordings in S1 were obtained from layer 5, at a depth of 582-777 mm below pia. Recordings were performed as described for the striatum however the high pressure was removed 500 mm from pia. Neurons with a resting membrane potential above À50mV were excluded from analysis. Recordings were used for analysis as long as they did not deviate by more than 10 mV from their initial resting membrane potential.
Optogenetic identification of in vivo recorded neurons
In order to obtain ''on line'' identification of whole-cell recorded neurons, we used the optopatcher (Katz et al., 2013 ) (A-M systems, WA USA). Computer controlled pulses of blue light (7 mW LED, 470 nm, Mightex systems) were delivered through an optic fiber inserted into the patch-pipette while recording the responses in whole-cell configuration ( Figure 1D ). Light steps (200-500 ms) were delivered every 2-5 s with increasing intensity between 20 to 100% of full LED power (2.1 mW at the tip of the fiber). Positive cells ( Figure 1D ) responded within 1.35 ± 0.08 ms (range: 0.9-1.8 ms) to light pulses by a step-like depolarization (12.42 ± 2.31 mV range 3-31 mV at maximal stimulation intensity). Response amplitude was correlated to the LED light intensity ( Figure 1E ), often exhibiting AP discharge (70% of responsive cells). To verify the source of the depolarization imposed on the cell by the light, whether synaptic or ChR2 induced, we activated the light while holding the cells at different potentials ($-90 to À40 mV). Light responses induced membrane depolarization at a wide range of holding potentials indicating ChR2 mediated conductance. Conversely, ChR2 negative cells either did not show any response to light pulses (> 90% of cases, see Figure 1C bottom trace) or responded with iPSPs from light activated neighboring cells (time delay 14.06 ± 1.6 ms range 8.7-17.8 ms, see Figure 1D , right panel). Such synaptic responses reversed at the chloride reversal potential, indicating a GABA A mediated synaptic inhibition from neighboring positive cells. Whisker stimulation Air puffs were delivered by picospritzer (Picospritzer III, Parker Hannifin) through plastic tubes (1 mm diameter) positioned up to a centimeter from the mouse's whiskers. Alternating air puff stimulations (15 ms, ipsi-, contra-and bilateral) were delivered at 0.2 Hz and at least 30 responses were acquired for each stimulation condition. The air pressure was set to 15-20 psi. The responses were post hoc separated to those occurring at the down or up states, and the response properties (amplitude, onset delay, peak delay and slope) were extracted from the average of sorted responses. Classification of the up and down states For each experimental paradigm recording session, an ''all-point'' voltage histogram was plotted and fitted with 2 Gaussians (Stern et al., 1997) . The intersection point of the 2 Gaussians was calculated, and its voltage value was used as the cutoff point between the 2 states; i.e., this was the most depolarized value of the down state. The minimum point between the 2 Gaussians (Stern et al., 1997) was found in most cases to correspond with the voltage value half a standard deviation from the peak voltage value of the depolarized Gaussian, i.e., this value was considered the most hyperpolarized value of the up state. In this manner we were able to exclude events that coincided with the transition between the 2 states. Events were classified according to the averaged voltage value of the first 5 ms from the trigger point. Since responses during up states were smaller and less reliable, only responses recorded at down states are reported here. To calculate the averaged down to up state transition, we recorded the membrane potential oscillations at 0 pA current injection and while no stimulation was delivered. The membrane potential trace was smoothed and the values were scored according to their position relative to the calculated cutoff value (above and below). All the events composed of values above the cutoff value and lasting more than 100 ms were averaged and the amplitude and rising slope of the averaged event were extracted. The amplitude of the averaged event was verified as matching the difference between the peak voltage values of the 2 Gaussians. To calculate the slow oscillation frequency and down and up states durations, we used the membrane potential value at half state transition amplitude. The time intervals between these points were averaged according to their occurrence during up or down state. Two neighboring time intervals were considered as one oscillation cycle, and these were averaged to calculate the average oscillation cycle duration. Cell labeling and immunohistology During the recordings, the cells were loaded with neurobiotin (Vector laboratories, CA) or biocytin (sigma), and were considered as labeled if the recording session lasted over 10 min. At the end of the recording session, the mouse received an overdose of sodium pentobarbital (200 mg/kg I.P.), and transcardially perfused with 4% PFA in 0.01M PBS. The brain was removed and kept for additional 2 hr in the fixative, after which it was transferred to 0.01M PBS. A day before sectioning, the brain was transferred to and kept in 12% sucrose solution in 0.01M PBS. 12-14 mm coronal cryo-sections (from 1.7 mm anterior to 2 mm posterior to bregma), were mounted on microscope gelatin coated slides and incubated over night with cy3 conjugated streptavidin (1:1000, Jackson ImmunoResearch Laboratories) in staining solution (1% BSA, 0.1% NaDeoxycholate and 0.3% triton in 0.01 PBS) at 4 C. After washes in PBS, slides were mounted on fluorescence microscope in order to locate the recorded cell. In GFP positive mice, cy3 positive cells were examined for GFP signal for classification as D1 or D2 expressing MSNs ( Figure S1A ). in YFP expressing mice, following the biocytin staining, dMSNs were stained with D1 rat-anti-mouse antibody (1:1000 in staining solution, overnight at 4 C), followed by 1 hr incubation in cy5 conjugated donkey-anti-rat secondary antibody (1:1000 in staining solution). iMSNs were stained with Rabbit anti mouse PPE (1:400 in staining solution, overnight at 4 C, Neuromics), followed by 1 hr incubation with HRP-conjugated goat-anti-rabbit 1:500 (Dako) and 10 min incubation with TSA cyanine5 system 1:200 (PerkinElmer). Photomicrographs of the results were taken with Zeiss Axiocamp (Carl Zeiss AB, Stockholm, Sweden) or an Olympus XM10 (Olympus Sverige AB, Stockholm, Sweden) digital camera.
Ex Vivo Recordings Virus injections
Mice were anesthetized with isoflurane and placed in a stereotaxic frame (Harvard Apparatus). A craniotomy was made above the primary somatosensory cortex (coordinates: AP: À1.5, ML: 3.5, DV À0.6). 0.5 ml of virus (AAV2-CamKIIa-YFP-ChR2) was injected using a micropipette at 0.1 mL min À1 (Quintessential Stereotaxic Injector, Stoelting). The pipette was held in place for 5 min before being slowly retracted from the brain. Temgesic was applied after surgery (0.1 mL i.p.).
Whole-cell recordings
Parasagittal and coronal brain slices (thickness 250 mm) were obtained from D1-/ D2-tdTomato mice. Slices were cut in ice-cold high sucrose solution containing (in mM) 205 sucrose, 10 glucose, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH2PO 4 , 0.5 CaCl 2 and 7.5 MgCl 2 . Slices were incubated for 30 -60 min in a submerged chamber filled with artificial cerebrospinal fluid (ACSF) at 34 C. The ACSF was composed of (in mM) 125 NaCl, 25 glucose, 25 NaHCO 3 , 2.5 KCl, 2 CaCl 2 , 1.25 NaH2PO 4 , 1 MgCl 2 and saturated with 95% oxygen and 5% carbon dioxid. Subsequently, slices were kept for at least 30 min at room temperature before recording. Whole-cell patch clamp recordings were obtained from striatal MSNs in oxygenated ACSF at 34-35 C. MSNs were visualized using IR-DIC microscopy (Zeiss FS Axioskop, Oberkochen, Germany). tdTomato expressing MSNs were identified by switching from infrared to epifluorescence mode using a mercury lamp (X-Cite, 120Q, Lumen Dynamics). All the recordings were done in current clamp except from those used to extract the AMPA to NMDA ratio, which were done in voltage clamp. For current clamp recordings, labeled and non-labeled MSNs were simultaneously recorded with the same intracellular solution as used in the in vivo recordings. For voltage clamp experiments, the intracellular solution contained: (in mM): 110 CsMeSO 3 , 10 CsCl, 10 HEPES, 10 Na 2 -Phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 10 tetraethylammonium chloride (TEA-Cl). Only positive D1/D2-tdTomato expressing MSNs were used in these experiments to avoid misclassification of unlabeled interneurons. AMPA and NMDA currents were measured at À70 mV and +40 mV, respectively. At least 15 sweeps were recorded at both holding potentials separated by time intervals of 10 s. The traces were averaged offline and baseline was subtracted. The current peak at À70 mV was extracted as the AMPA component and the decay of the AMPA current was used to establish the time window for the measurement of the NMDA component. A 10 ms time window starting 50 ms after the light stimulation was used at +40 mV to measure the NMDA current. Recordings were amplified using multiclamp 700B amplifiers (Molecular Devices, CA, USA), filtered at 2 KHz, digitized (10-20 KHz) using ITC-18 (HEKA Elektronik, Instrutech, NY, USA), and acquired using custom-made routines running on Igor Pro (Wavemetrics, OR, USA). Patch pipettes were pulled with Flamming/Brown micropipette pullers P-1000 (Sutter Instruments Co, Novato,CA) and had initial resistances of 6-8 MOhm for current clamp and 4-6 MOhm for voltage clamp experiments. Liquid junction potential was not corrected for. Recordings were performed with pipette capacitance and access resistance compensated throughout the experiment. Data were discarded when access resistance increased beyond 30 MOhm. SR-95531 (gabazine, 10 mM) and NBQX (10 mM, Tocris) were bath applied for at least 5 min to ensure the blockade of inhibitory or excitatory synaptic transmission, respectively. Dopamine receptor blockers Eticlopride hydrochloride (10 mM) and R(+)-SCH-23390 (10 mM) were bath applied simultaneously.
Stimulation protocols
The intrinsic electrical properties were determined by a series of hyperpolarizing and depolarizing current steps and ramps, enabling the extraction of sub-and suprathreshold properties.
Optogenetic stimulation
Photostimulation was generated by a 1 Watt blue LED (wavelength 465 nm) and delivered through the objective lens. Duration and intensity of the light stimulation was controlled by a LED driver (Mightex Systems) connected to the ITC-18 acquisition board. The photostimulation diameter through the objective lens was approximately 400 mm with an illumination intensity of 0.5 mW / mm 2 . Light pulses of 2 ms duration were used for activating cortical terminals. Stimuli were repeated for at least 5 sweeps with 10 s time intervals in between.
QUANTIFICATION AND STATISTICAL ANALYSIS Statistical Analysis
All data are represented as mean ± SEM. All data distribution was first checked for normality (Shapiro-Wilk test) and analyzed accordingly. Normally distributed data were tested by one way ANOVA followed by post hoc Tukey's test analysis for multiple comparisons, and the unpaired and paired two-sample Student's t test was used for two group comparisons. Non-normally distributed data were analyzed by Kruskal-Wallis test for multi-group comparisons followed by Mann-Whitney for two group comparison, Wilcoxon signedrank test was used for paired samples. For the high frequency light stimulation experiments, the ANOVA repeated-measures was used followed by post hoc Tukey's test analysis. Confidence level was set to 0.05. All statistical analyses were done in SPSS (IBM).
